A new concept for annular diffuser design permits a layout of axial multi-diffusers with the potential to achieve the same pressure rise as single-annular diffusers, but over half the length. This is possible by using the full range of geometrical variability to gain a symmetrical loading for all flow channels. The optimal geometry with respect to the radial splitter position and the diffuser struts indicates strong dependence on the outflow of the leading turbine row, at the same time influencing this outflow by means of sharp wall angles. Moreover, an advantage can be derived from the additive pressure rise of the equalization process behind the diffuser. Therefore, it is no longer appropriate to treat the diffuser as an isolated component in the design process, but also to take into account the whole diffusion system including the turbine, diffuser and ducts. CFI) turned out to be an adequate tool for this complex task. 
NOMENCLATURE

INTRODUCTION
In the past, attention on diffuser design focused widely on parameter studies resulting from systematic experimental investigations. They are used to set up performance charts, which indicate relationships between, diffuser. geometry and pressure rise. A survey of the literature about diffusers (e.g. Suter and Girsberger, 1974 or Japikse, 1984) shows a decrease of investigations when the number of free design parameters increases. The optimization of global machine performance leads to specialized component geometries for each specific application. Consequently, a new approach to diffuser design aims at understanding the diffuser as part of a specific turbomachine. This implies the consideration of interactions of the diffuser geometry with the last turbine rotor as well as with the connected outflow ducts.
In order to maximize these interactions the diffuser inlet starts with sharp wall angles, thereby changing the static pressure at the walls. This local effect can be used to modify the total pressure profile at the turbine outlet when the diffuser inlet is defined directly along the trailing edge of the rotor blade. This idea for influencing the specific working characteristic of the last turbine row was first published by Kreitmeier (1989) . To overcome the limited size of possible wall angles, the concept includes the use of multi-diffusers, which theoretically permits any combination of hub and casing angles. Furthermore, the aerodynamic layout of diffuser struts has to be included in the design process as they have to withstand a double diffusion. Finally, the ducts following the diffuser are important for the equalization of the inhomogeneous diffuser outflow, which leads to an additive pressure rise. As there is normally only limited space for outflow ducts, the use of multi-diffusers provides another advantage: the additional shear stress region behind the flow dividing splitter in the outflow shortens the equalization process while the total friction area is approximately the same as that of the longer single-annular diffusers.
The first part of this paper reports examples of experimental investigations on annular diffusers behind an arbitrarily chosen turbine stage. The performance of single-and double-annular diffusers are compared with respect to the just stated elements of the new approach. The second part deals with the simulation of the diffuser flow. The experimental data was used for the validation of the code. It was aimed at simulating the measured diffuser flow in a way sufficient to continue the flow analysis with the computation of the flow performance. The results of these investigations are used for the layout of a new double-annular diffuser geometry.
INITIAL DIFFUSER LAYOUT
For the survey of the new concept, in a first step singleand double-annular diffusers were experimentally investigated behind a turbine stage. The initial diffuser layout was designed according to the performance charts given by Sovran and Klomp (1967) in Fig. 1 . They indicate the pressure recovery coefficient depending on the area ratio AR and the length ratio 1/h 1 which represent the main geometrical parameters of influence. These charts are different for each blockage factor 131 at the diffuser inlet and for geometrical types of diffusers (planar, annular etc.) but not for wall contours. In addition lines of optimal diffuser and Klomp (1967) geometry are marked. They connect points of maximal pressure recovery coefficients for fixed area ratio and for fixed length ratio, 5," and 4, respectively. The diagram for single-annular diffusers in Fig. 1 predicts for 1/h 1 = 5 an optimal pressure recovery coefficient at AR = 2. Now it had to be proved, in which way these performance charts could be used for the layout of multi-diffusers. The three single-annular diffusers (SD) in Fig. 2 have all the same area ratio AR = 2 and the same length ratio 1/1.1 = 5 differing only in the wall angles. Starting with a geometry having a cylindrical hub (5D2) one was constructed with a converging hub (SD!) and one with a diverging hub (Slit) in order to study the influence of the wall angles on the leading turbine stage. The resulting hub angles vary from -6.1 to 4.2 degrees, the casing angles only from 5.7 to 8.8 degree. For comparison with these single-annular diffusers three double annular diffusers (MDO were conceptualized so that each partial channel again has optimum geometry (AR = 2, //h i = 5). This creates diffusers of half the axial length and approximately the same wall friction area as the single-annular diffusers. There are three MDi which corresponds to the three SDi. Each has the same inlet and outlet geometry, the MDi have about twice the wall angles. In order to realize also the same length ratio for both channels of a double-annular diffuser, the splitter has to start on 50% of span at the diffuser inlet. The splitter angles vary from 3.9 degree (Mat) and 8.5 degree (MD2) to 13.2 degree (MD3).
Since the exit flow angles of the last turbine stage are intended to be moderate, the diffusers were designed using axial struts, profiled according to NACA65 -010. The strut length equals the pitch (1/1 = 1) in order to guarantee a constant radial diversion and a constant maximum blockage of the flow channel. The SDI have 8 struts which start at 0.5 * h1 behind the inlet, the MDi have 16 of half the length. Thereby the same area ratio and flow deceleration over the struts is achieved for all geometries. 
DIFFUSER COEFFICIENTS
Usually, diffusers are of a relatively simple geometry which has to be formed aerodynamically with respect to economical and geometrical restrictions. The aerodynamic function is to transform kinetic into potential energy by reducing the velocity in order to receive a pressure rise. In its simplest form this process can be described by the Bernoulli-equation for incompressible flows. Equation (1) (1), the energy balance can be divided into three components which describe the pressure rise (A), the total pressure loss (B), and the remaining kinetic energy in the outflow (C). The same can be done by using the generally valid mechanical energy equation. These three components characterize the flow regime in the diffuser and can be used to judge the aerodynamic quality of the geometric design. A detailed description how they can be derived for real diffuser flows using an averaging process is described by Kreitmeier (1992) . He uses a system of consistent averaged quantities which fulfill the full set of balance equations. Referring to the notation of Kreitmeier, the following dimensionless coefficients are obtained whereby the tilde marks the averaged values.
Influencing the total pressure
The total pressure distribution at the diffuser inlet has considerable impact on the diffuser performance as it cannot be changed in the throughllow of the diffusers. The definition of the diffuser inlet along the trailing edge of the turbine rotor blades provides a possibility for modifying this pressure profile as already discussed. The energy balance over the stage is influenced by the effect of the sharp wall angles on the static pressure at the walls . h - 
Again, the given approximations can be used when the mechanical energy equation reduces to the incompressible Bernoulli equation for low Mach numbers.
EXPERIMENTAL RESULTS
The six diffuser geometries in Fig. 2 were studied using an aeroturbine facility of the department of gas turbines and flight propulsion at the Technical University of Darmstadt (THD). A sectional view through the inflow region with an installed diffuser geometry is depicted in Fig. 3 . The facility works in suction mode, which guarantees a homogeneous turbine inflow. The turbine rotor consists of 26 twisted blades with a hub to tip ratio v = 0.474. The following measurements were carried out near the design point at 3000rpm and Re = 3. * 10 5 (Re = pchln). Five hole probes were used to measure the flow profiles at the turbine inlet (station I), the turbine outlet/diffuser inlet (station III), and the diffuser outlet (station IV). The static pressure was measured at numerous axial and circumferential positions along the walls. Figure 4 shows these profiles for the single-annular diffusers (SDI) and double-annular diffusers (MDi) at the turbine outflow. The total pressure, nondimensionalized with the averaged quantities of the total and the dynamic pressure at this position, is plotted over percent of span, measured from the hub.
As can be derived from Fig. 3 , this survey position is in a plane passing directly through the hub wall discontinuity. Therefore, the splitting of the total pressure profiles can be seen most clearly in the hub region near (r -rN)/h = 0. When compared with the cylindrical hub of the diffusers 5132 and MD2, the turbine stage uses the local pressure decrease caused by the negative hub angles of SDI and MD/ to expand more deeply in this region. Depending on the positive hub angles of 51)3 and MD3, the local stage expansion becomes smaller at the hub.
The differences in the total pressure profiles is smaller for the SDI configurations, since the wall angles are only about half the values of the MDi geometries. In order to have a wide range of control, wall angles are needed which can only be attained with multi-diffusers. In addition to increased local work output at the hub, the MD/ geometry gives the best overall total pressure profile, as this combination of wall angles gives the lo- west global gradient. Therefore, this is an important facility for improving a given diffuser inflow.
Splitter incidence
A review of the rare literature about multi-diffusers (Raab, 1995) shows that a main problem seems to be the flow incidence at the leading splitter edge. In order to examine this effect, Fig. 5 shows the radial flow angles at the diffuser inlet plotted over the span measured from the hub.
The profiles of the three SDI can be seen in the upper section of Fig. 5 . Looking at the core flow, there are only very slight differences between the geometries resulting from the global direction of the flow channels. Near the hub, tile flow characteristics of the turbine stage form a local minimum while the values vary with the hub angle. At the casing, the influence of the tip clearance can be seen by a slight change in the values. edge. Comparing these flow angles with the given splitter geometries, the flow incidence can be seen directly. The flow does not split according to the splitter position, but with a preference for the inner flow channel. The negative radial flow angles below about 60 percent span indicate a redistribution of the flow direction towards the hub region, causing a large flow incidence at the splitter.
Equalization processes
In order to study the equalization process of the velocity distribution in the diffuser outflow, an equalization duct was installed behind the diffuser. The axial length was about five times the diffuser outlet diameter. Measurements could be carried out at several axial positions. Single pressure probes were linked together in rakes in order to cover the radial flow profile. It could dearly be seen that the equalization process of the inhomogenities at the diffuser outlet was a lot shorter behind the double-annular geometries in comparison to the single-annular diffusers. The additional shear stress in the splitter wake accelerates the homogenisation, thereby reducing the amount of kinetic energy otherwise lost. This increases the usable pressure rise behind the diffusers, as this is usually limited by the length of the outlet ducts.
NUMERICAL SIMULATION
For the simulation of three dimensional flows in complex geometries the CFD code TASCflow (ASC, 1994) was used. The program solves the complete time-dependent Navier-Stokes equations for turbulent flow using the n-c turbulence model. In order to reduce time and costs, diffuser and ducts were modeled without the turbine stage. The modeled grid segment of the geometry is shown in Fig. 6 . The block structured grid consists of H-grids including the diffuser struts. They were generated in such a way that geometrical variations without the struts or splitter could also easily be calculated. Figure 6 shows a medium fine grid for the Mat, consisting of about 50,000 nodes. Calculations were also carried out on finer grids. The gridlines become compressed towards the solid walls and in regions of high flow gradients. Because of the low Mach number of the flow problem (Ma. = 0.055) all calculations are based on the assumption of incompressibility. boundary and the leading splitter edge, which produces a friction layer and growing turbulence. The downstream turbulence boundary layer is therefore greatly influenced by the turbine outflow at the diffuser inlet. The same is true for the flow separation at the diffuser struts which will be discussed in the next section. The struts also only start 0.5*h1 behind the turbulent inflow. It is evident that this must influence an existing separation point. The upper section of Figure 7 shows the dimensionless velocity components at the inlet of the MD.1 calculated by the CFDcode. For a direct comparison, the measurements are also plotted. Below, this is also shown for the diffuser outlet. Here, measurements of four circumferential positions can be seen which gives an idea of the asymmetry which has evolved in the diffuser throughflow but was not simulated in the circumferentially periodic calculation. Except for the axial component in the region behind the tip clearance, the calculated distributions show a very good match with the measured data points. Therefore, the simulation has proved to be an appropriate tool for further investigating the problems under discussion.
SIMULATION OF THE DIFFUSER FLOW
To allow further interpretation of the measurement results, flow simulation was used to complete the experimental findings. Single effects in the diffuser flow could be studied separately by simply varying the parameters. The simulation also allows the whole flow field to be visualized, independently of the accessibility for measurements.
In order to isolate the influence of the diffuser struts, simulations were carried out with and without these struts. Above all, the radial position of the splitters dividing the flow channels has to be clarified. This can easily be done by varying simulations, whereas this is a nearly impossible experimental task with annular diffusers. The results could be used to interpret the level of the pressure recovery comparing the single and double-annular diffusers.
Diffuser struts
The vectorplot of the velocity in Fig. 8 shows a computed radial plane at 80% span from the hub of the diffuser MD/.
The inlet swirl at this radial position becomes 18 degree. It can be seen that this swirl causes a complete flow separation at the struts. As the swirl is a great deal smaller for lower radial positions, the production of losses is very different for the inner and outer flow channels of the MDi.
An estimation of the diffusion along the struts can be obtained with the diffusion factor formulated by Traupel (1977) : ( 7 ) 21cz It covers the diffusion caused by the turning of the flow as well as that caused by the growing cross-section. The quantities c2 and e3 are the velocity components at the inlet and the outlet of a stator. Ac 4, reflects the change in the circumferential component. In the literature the following limiting values for the velocity ratio and the diffusion factor can be found:
In the high swirl region the values for 12* were found to be more than 0.6. So the double diffusion gives a loading of the struts which is much too high near the casing resulting in the separation indicated. According to the statements of the new diffuser concept an accurate layout of the diffuser struts is really necessary and should result in an aerodynamic design. As an additional advantage, the energy of the swirl component can also be used for the pressure rise. Since the design of the existing struts was shown to be nonoptimal, the further diffuser layout was done without the axial struts.
Interactions of the flow channels
In the upper section of Table 1 , the computed diffuser coefficients are shown with comparison for the six studied diffuser geometries. Comparing the pressure recovery of the single-annular diffusers, no significant differences could be seen. In contrast, the double-annular diffusers clearly show a geometrical dependency for all flow situations. The pressure recovery coefficients always decrease from the MDI to the MD3 and, studying the most relevant case without struts, even the best of the double-annular In order to gain a better understanding of the MDi, Fig. 9 gives the pressure recovery coefficient for the double-annular geometries separately for each flow channel as well as for the global flow. These results were obtained by calculations without the diffuser struts, starting with the measured inlet profiles. In the upper section of Fig. 9 it can clearly be seen that the performance differs between the inner and outer flow channel of the double-annular diffusers MD1-MD3. As stated before, both channels were designed identically according to the performance charts by Sovran and Klomp (1967) . Therefore, the differences can only result from different losses in the flow channels. In this case, without diffuser struts, the growing losses result from the splitter incidence, which primarily affect the inner flow channel.
Since the geometric splitter angle is the smallest for the MDI, its flow channels show the nearest symmetrical behaviour.
Consequently, two more variants for the MD/ were examined. Their performance is shown in the lower part of Fig. 9 . In the first case (MD/-1) the splitter leading edge was bent upwards to be 0 degree in order to avoid geometrical incidence. The result is slightly improved behaviour of the inner channel. As can be seen in 1•111PSIME /11Ainktrl.
-8 degree in the core flow. This can now be interpreted as a result of the interactions between the two flow channels: the blocking in the outer channel (caused b y the flow separation) as well as the non-optimal total pressure profiles at the diffuser inlet were seen to be the reason for the ne gative flow an gles at the leadin g splitter ed ge. Incoming mass flow is redistributed towards the inner channel. The result are growing incidence losses and radial flow an gles in front of the splitter. Since these angles are not to be expected for the strutless case, now the y were arbitraril y defined to be zero in the boundar y condition for the simulation. The result is denoted as MD1-2 in Fig. 9 .
In this last case, there is no lon ger any flow incidence and the pressure rise reaches the values of the sin gle-annular diffusers.
LAYOUT OF A NEW DIFFUSER GEOMETRY
Startin g with the geometry of the diffuser MD/, which has the best combination of wall an gles to influence the total pressure profile, a radial position of a strai ght splitter was sou ght, which allows for a maximum pressure rise, while at the same time avoiding the incidence losses. Numerous simulations of different flow situations showed that the pressure recover y coefficient of a double-annular diffuser can be approximatel y calculated as the sum of the mass-weighted pressure recover y coefficients of the partial flow channels: This proved to be valid, irrespective of the actual diffuser geometry, with and without struts, and irrespective of the particular kind of inflow. For the estimation of the pressure recovery coefficients of the partial flow channels cp); (i = I, A), the performance maps of Sovran and Klomp (1967) can be used additionally considerin g appearing losses:
The quantities to describe the geometry were the area ratio of the outer channel AR A , that of the inner channel AR,, and the area, ratio at the inlet AV = AARAA+ Az). The aim is to find the optimal splitter position for a given total area ratio AR.
The following two diagrams give the theoretical global pressure coefficient cp dependin g on the geometr y which results when the splitter position is varied. The outer geometry and therefore the global area ratio remains constant. For the first dia gram, the cp; of the flow channels were assumed to be the optimum c; for a given geometry accordin g to Fig . 1 . As the losses are neglected, the marked geometry of the MD/ comes to lie near the optimum at ARA = AR,. In the second dia gram the cp; were calculated considering a loss which is proportional to the incidence caused by the splitter an gles. Now the diffuser MD/ with the splitter an gle of 3.9 degrees no longer has optimal geometry. The marked optimal geometry MD.1* has a cylindrical splitter and has therefore no geometrical incidence. A gain, AR A = AR, for the two flow channels but the len gth ratios LA; do not equal any longer, thereby referrin g to different points in the dia gram of Fig. 1 . This geometry was the startin g point for the new diffuser layout with the aid of the flow simulation. The final geometry, called the MD4, is shown in Fig . 11 . Its global geometry differs slightly from the MTh' in such a way that the hub radius at the outlet is reduced to get exactly the same global area ratio as the 5Th when the blockage of the 3mm splitter blade is considered. Table 2 compares the diffuser coefficients for the MD/ and the MD4. For the layout without the diffuser struts the balance between the flow channels of the double-annular diffuser MD4 is improved as intended and therefore results in a better global pressure recover y. In order to verify this CFD aided design, the MD4 was built, but with the nonoptimal struts again, for comparison with the former geometries. Measurements of this geometry confirmed the reliabilit y of the computed predictions. The y are also listed in Table 2 .
SUMMARY AND CONCLUSIONS
The search for methods to increase the efficienc y of a turbomarhine results in considerin g the transitional and outflow components as well as the main components. At the same time, the simultaneous layout of connected components proves to be superior to an optimization of sin gle components between fixed interfaces. A new concept for the desi gn of diffusers is presented which includes multi-diffusers. For the la yout of the resultin g complex geometries considerin g the interaction between connected components, CFD was shown to be an ade quate design in- strument. This was also proved by measurements. The first part of this paper deals with the experimental investigations of three single-annular and three double-annular diffusers. According to the diffuser performance charts by Soyran itc Klomp, all flow channels have the same area ratio and aspect ratio, differing only in the wall angles. It could be shown that especially the large wall angles of the multi-diffusers were able to influence the total inlet pressure profile. This avoids the undesired exchange in mass flow between the flow channels of a multi-diffuser and can improve existing inflow. Furthermore, the equalization process in the exhaust ducts was accomplished in a much shorter distance behind multi-diffusers which increases the usable rise in pressure.
In the second part, the experimental data base was used to The conventional layout -of the diffuser struts (1/t=1) was shown to be inadequate for the double diffusion of the swirling flow. They were the main source of asymmetry between the flow channels of the MDi resulting in poor global diffuser performance. So their aerodynamic design definitely needs to be integrated into the diffusion system. Employing these measures, a symmetrical loading of the partial flow channels was achieved which is the presupposition for the optimization of multi-diffusers. The influence of the length ratio did not show to be as important as the symmetry of losses for the partial flow channels of turbine exit diffusers. Therefore, it was necessary to find a splitter position which avoids a geometrical incidence. Based on the findings, the authors were able to design a new double-annular diffuser, which reached the same pressure rise as the single-annular diffusers, but over half the length.
